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(57) Abstract 

An antenna used as voltage and power source is designed to operate with arbitrary load, or front end, the antenna has one or more 
loading bars (950) that are placed adjacent to the elements (400) of the antenna at a spacing distance (940). Hie real part of the antenna 
input impedance is changed by adjusting the loading bar length (920), width, and/or spacing distance (940) and/or the number of loading 
bars (950). These changes are implemented to reduce the real part of the antenna input impedance to reduce the real part of the antenna 
input impedance to make it small enough to develop an adequate voltage, Vp, to operate the front end and connected circuitry, one or more 
stubs (980) is added to one or more of the antenna elements. The stubs (980) act as two-conductor transmission line and are terminated 
either in a short-circuit or open-circuit. 
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RADIO FREQUENCY TAG WITH OPTIMUM POWER TRANSFER 

FIELD OF THE INVENTION 

This invention relates to the field of antenna design. More specifically, the invention relates to 
the field of optimizing the terminal voltage of an antenna attached to a circuit and the power 
transferred from an electromagnetic field to the circuit through the antenna, especially when the 
antenna is used in radio frequency tags. 

BACKGROUND OF THE INVENTION 

Figure 1 is a graph of the output voltage of a typical antenna and front end circuit. In 
this common configuration, the antenna produces a voltage when excited by an electromagnetic 
field. This voltage is commonly called the open-circuit voltage across the antenna terminals. 
When the antenna terminals are connected to a front end circuit, power is transferred from the 
electromagnetic field through the antenna and into the front end circuits (front end). Front ends 
are generally known in the art and are used to convert (or down convert) the AC 
electromagnetic field into an intermediate frequency (IF) or direct current (DC) frequency. 

Front end and antenna combinations have various designs depending on the application 
that the design is to perform. To illustrate this, Figure I shows the voltage output of a front end 
and antenna combination versus frequency of the electromagnetic field. This voltage output has 
two regions: 1. a fiat region 1 10 over a wide range of frequencies that produces a relatively low 
voltage output, and 2. a resonant region or bandwidth 120 centered about a resonant frequency 
125 where the antenna produces a relatively large voltage over a smaller frequency range. 

In some applications, e.g., field sensors, the antenna/front end combination is designed 
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to disturb an electromagnetic field as little as possible. A field sensor measures the strength of 

an electromagnetic field and typically uses small antennas that operate over the wide frequency 
band 1 10, i.e., not around a resonant frequency 125 of the field sensor antenna. Over the range 
of frequencies 1 10, the front end is tuned so that it is out of resonance with the antenna. 
Therefore, there is a minimum of power taken by the combination, i.e., there is a minimum of 
power transferred from the antenna to the front end. Another way of stating this is that the 
antenna is loaded with a mismatched load (front end) that limits how much the electromagnetic 
field can excite the antenna. In this type of application, the combination is equally sensitive 
over a wide frequency range 1 10 and draws a minimum amount of power from the field, i.e., the 
sensor perturbs the field a minimum amount. In these applications, the antenna resonant 
frequency is chosen to be well outside the operation frequency range 1 10 and the front end is 
designed so that the combination does not resonate in the operation frequency range 1 10. 

In other applications, antennas operate over the bandwidth 120 to receive/transmit 
signals over as wide a bandwidth as required. Generally, the bandwidth 120 of the antenna is 
relatively narrow but is widened in some cases, e.g., in television, radio, and some radar 
systems, to transmit/receive over a large number of channels or over a wide continuous 
spectrum. In other applications, e.g., those where a narrow bandwidth is required by law, 
antenna designers narrow the bandwidth 120 as needed to comply with the requirements. In 
these applications, the front end is designed to resonate with the antenna over the operation 
frequency range 120 so that the maximum amount of power is transferred between the antenna 
(and hence the electromagnetic field) and the front end (and hence any circuitry attached to the 
front end). In many embodiments of this type, the front end is variably tunable over a plurality 
of frequencies 125 so that the operation frequency range 120 varies over the frequency scale 
130. 
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In the particular field of radio frequency identification (RFID) tags, especially passive 

RFID tags, antennas connected to the front end and the rest of the RFID circuit need to produce 

a front end output voltage that is above a threshold voltage, in order to power the RFID circuit. 

This is typically accomplished by trying to match the antenna impedance to that of the front end 

of the RFID circuit (e.g. a chip) at the resonance frequency 125. These front end circuits 

typically use diode and capacitor circuits (the front end) that rectify the radio frequency (RF) 

carrier component of the modulated electromagnetic field, that excites the antenna, leaving the 

modulated signal (envelope) at the output of the front end. 

STA TEMENT OF PROBLEMS WITH THE PRIOR ART 

In general radio and TV applications, some prior art uses directors and/or reflectors to 
match the antenna impedance to a transmission line. However, the major effect of this solution 
is to give the antenna a more directional radiation pattern. However, since directors/reflectors 
typically are spaced at a large fraction of the resonant wavelength (e.g. 0.4 lambda, the carrier 
frequency wavelength), this solution requires large amounts of space in the antenna circuit 
package. 

In RFID applications, the antenna/front end combination has to produce a minimum 
output voltage to power the chip and to provide a sufficient power collected from the 
electromagnetic field to provide current to the RFID circuit. If the voltage and/or power 
requirements of the RFID circuit are not fulfilled, the circuit will not operate. If the 
antenna/front end combination is not optimal, it will have a limited range (distance) over which 
it can communicate. 

In order to optimize the voltage and/or power produced for the RFID circuit, the prior 
art attempts to match the antenna and front end impedances in a variety of ways. For example, 
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the prior art uses impedance matching circuits using discrete components, e.g., 
inductor/capacitor networks. Also, the impedance matching circuit can comprise distributed 
elements such as microstrip structures. These alternatives add cost and size to the RFID circuit 
package. 

Some of these alternatives in RFID applications are complicated and expensive to 
manufacture. Chip manufacturing processes are expensive to design and implement. 
Therefore, it is very difficult to modify front ends that are resident on the RFID chip for a given 
antenna. Hence, the prior art antenna/front end combinations can riot be easily modified to 
provide an optimal power and voltage to the RFID circuit. 

OBJECTS OF THE INVENTION 

An object of this invention is an improved antenna apparatus. 

An object of this invention is an improved antenna apparatus, used in combination with 
a radio frequency front end, that can be tuned to produce an optimal voltage output and power 
transfer. 

An object of this invention is an improved antenna apparatus, used in combination with 
a radio frequency front end, that can be tuned to produce an optimal voltage output and power 
transfer with a minimal dimensional constraints on the antenna. 

An object of this invention is an improved antenna apparatus, used in combination with 
a radio frequency front end, that can be tuned to produce an optimal voltage and power transfer 
without using additional discrete components in the front end. 



SUMMARY OF THE INVENTION 

This invention is an antenna used as a voltage and power source that is designed to 
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operate with arbitrary load, or front end. The invention is particularly useful where it is difficult 

and/or costly to change the load (front end) design, e.g., in the field of communicating with 

RFID circuits. 

The antenna, preferably a dipole antenna, has one or more (number of) loading bars that 
are placed adjacent to the elements of the antenna at a spacing distance. The real part of the 
antenna input impedance is changed by adjusting the loading bar length, width, and/or spacing 
distance and/or the number of loading bars. These changes are implemented to reduce the real 
part of the antenna input impedance to make it small enough to develop an adequate voltage, 
Vp, to operate the front end and connected circuitry. In a preferred embodiment, the real part of 
the antenna input impedance is reduced to the point at which Vp no longer increases. 

In an alternative preferred embodiment, one or more stubs is added to one or more of the 
antenna elements. The stubs act as two-conductor transmission line that is terminated either in 
a short-circuit or open-circuit. The short-circuited stub(s) acts as a lumped inductor (capacitor) 
when the length of the transmission line is within odd (even) multiples of one quarter "guided 
wavelength" of the transmission line. (The guided wavelength has a known relation to the 
wavelength to which the antenna is tuned). The open-circuited stub(s) acts as a lumped 
capacitor (inductor) when the length of the transmission line is within odd (even) multiples of 
one quarter of the guided wavelength. The magnitude of these lumped capacitors and inductors 
(reactances) is affected not only by the material surrounding the stub, but also is affected by a 
stub length, a stub conductor width, and a stub conductor spacing. Zero or more short-circuit 
stubs and zero or more open-circuit stubs are added to one or more of the antenna elements to 
change the reactive (imaginary) part of the antenna input impedance. In a preferred 
embodiment, the reactive part of the antenna input impedance is changed to equal the negative 
magnitude of the reactive part of the front end input impedance. This gives the maximum 
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voltage, VDC, for a given real part (Ra) of the antenna input impedance and the maximum 

power transfer between the antenna and the front end. 

Note that in this invention, the loading bar changes vary the real part of the antenna 

input impedance. Also, with the loading bar the length of the antenna can change (increase or 

decrease) to change the reactive part of the antenna impedance while changing the real part of 

the antenna impedance only a minimal amount. Further, adding the stubs changes the reactive 

part of the antenna input • impedance while the real part of the antenna input impedance 

changes only a minimal amount. Therefore, the invention essentially decouples the tuning of 

the real part and reactive part of the antenna input impedance and permits effective antenna 

design to optimize the combination of the antenna and any arbitrary front end (impedance). 

BRIEF DESCRIPTION OF THE DRA WINGS 

Figure 1 is a graph showing a prior art representation of the frequency response of a prior 
art antenna/front end combination. 

Figure 2, comprising Figures 2A and 2B, is a block diagram of a radio frequency 
transmitter (Figure 2A) communicating an RF signal to a receiver (Figure 2B). 

Figure 3, comprising Figures 3 A and 3B, is a block diagram of a preferred antenna and 
front end combination (Figure 3 A) and a general equivalent circuit of this combination (Figure 
3B). 

Figure 4 is a block diagram showing one novel structure of the present antenna using 
one or more loading bars. 

Figure 5, comprising Figures 5 A - 5D, shows variations of the loading bar structures. 

Figure 6, comprising Figures 6A and 6B, is a block diagram showing a short-circuit 
(Figure 6A) and an open-circuit stub (Figure 6B) structure. 
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Figure 7, comprising Figures 7A and 7B, shows variations of the stub structures. 

Figure 8 is a diagram showing preferred dipole antenna with both loading bars and a 

stub structure. 

Figure 9 is a diagram showing an alternative preferred meander dipole with a single 
loading bar and stub structure. 

DETAILED DESCRIPTION OF THE INVENTION 

Figure 2 is a block diagram showing a system 200 with a transmitter or base station 210 
communicating an RF signal 220 to any general receiver 230, specifically an RFID tag 230. 

Block 210 is any radio frequency transmitter/transponder that is well known in the art. 
The transmitter includes an RF source 21 1 and RF amplifier 212 that sends RF power to the 
transmitter antenna 215. The transmitter 210 can also have an optional receiver section 21 8 for 
two way communications with the receiver/tag 230. The transmitter 210 transmits an RF signal 
220 with a transmitter carrier frequency. The transmitter carrier also has a transmitting carrier 
frequency bandwidth referred to as a transmitting bandwidth. The transmitting bandwidth will 
be wide enough to transmit data at a rate selected by the system designer. Systems like this are 
well known in the art. See for example U.S. Patent Application Number 4,656,463 to Anders et 
al entitled "LIMIS Systems, Devices and Methods", issued on April 7, 1987 which is herein 
incorporated by reference in its entirety. 

Figure 2B is a block diagram of a receiver 230, specifically an RFID tag, comprising the 
present novel antenna 250 (see Figure 4), an RF processing section, i.e., the front end, 232 and a 
signal processing section 234. The antenna 250 and front end 232 make up the antenna/front 
end combination 260. 

The front end 232 can be any known front end design used with an antenna. Typically, 
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in RFID applications using passive tags, the front end 232 converts the electromagnetic field 

220 into a direct current (DC) voltage that supplies the power required to operate the signal 

processing component 234 of the RFID circuit (232 and 234 inclusive) and extracts the envelop 

of the modulated signal from the electromagnetic field 220. Examples of front ends are well 

known. See for example the Hewlett Packard "Communications Components GaAs & Silicon 

Products Designer's Catalog" (for instance page 2-15) which is herein incorporated by reference 

in its entirety. A preferred front end is shown in Figure 3A. 

The signal processing component 234 of the RFID circuit can be any known RFID 
circuit. Examples of this processing component are given in U.S. patent application number 
08/694,606 entitled "Radio Frequency Identification System with Write Broadcast Capability" 
to Heinrich et al filed on August 9, 1996, and U.S. patent aipplication number 08/681,741 
entitled "Radio Frequency Identification Transponder With Electronic Circuit 
Enabling/Disabling Capability", filed July 29, 1996, which are both herein incorporated by 
reference in their entirety. 

Figure 3 A is a block diagram showing a preferred front end 332 and the novel antenna 

250. 

The antenna comprises a dipole antenna 340 with one or more optional stubs 350 on one 
or both of its elements (340A and 340B). One or more optional loading bars 360 are placed 
close and parallel to the dipole 340 elements (340A, 340B). Alternative embodiments of the 
antenna 250 are described below. 

The front end 332 is electrically connected to the antenna 250. In this preferred 
embodiment, the front end 332 comprises diodes Dl, D2, and D3, and capacitors Cp and Cs. 
In a preferred embodiment, the diodes Dl, D2, and D3 have a low series resistance and a low 
parasitic capacitance. Preferably, the series resistance is less than 30 ohms and the parasitic 
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capacitance is less than 500 femto farads. Typically, these diodes are Schottky diodes that are 

produced by known semiconductor processing techniques. The capacitors, Cp and Cs, are also 

produced by known semiconductor processing techniques. Alternatively, capacitors, Cp and 

Cs, can be discrete devices. 

Diodes Dl and D2 and capacitor Cp form a voltage doubler circuit that rectifies the 
electromagnetic field 220 into a DC voltage that stores energy in the capacitor Cp used to power 
the signal processing component 234. Therefore, a voltage, Vp, is developed across capacitor 
Cp. In a preferred embodiment, diodes Dl and D2 produce the voltage Vp that is equal to or 
less than 2 times the voltage, Voc, produced across the antenna terminals (370A, 370B), where 
Voc is the open-circuit voltage produced at the antenna terminals (370A, 370B) from the 
electromagnetic field 220. Note that Voc is an AC voltage whereas Vp is a DC voltage. The 
magnitude of Vp is equal to or less than the peak to peak value of Voc. See U.S. Patent 
Application Number 08/733,684 entitled "DIODE RECEIVER FOR RADIO FREQUENCY 
TRANSPONDER" to Friedman et al. filed on October 17, 1996 and U.S. Patent Application 
Number 08/521,898 entitled "DIODE MODULATOR FOR RADIO FREQUENCY 
TRANSPONDER" to Friedman et al filed on August 31, 1995 (now U.S. Patent 5,606,323 
issued February 25, 1997), which are herein incorporated by reference in their entirety. 

The capacitor, Cp, is large enough to be treated as a short-circuit at the carrier frequency 
of the electromagnetic field 220 and large enough to store enough energy to power the signal 
processing component 234. In a preferred embodiment, the value of Cp is between 10 pf and 
500 pf for a 2.44 gigaHertz (GHz) carrier frequency. 

Diodes Dl and D3 and capacitor Cs form a second voltage doubler circuit that also 
rectifies the electromagnetic field 220 into a DC voltage that stores energy in the capacitor Cs 
used to provide a demodulated signal to the signal processing component 234. Therefore, a DC 
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voltage, Vs, is developed across capacitor Cs. In a preferred embodiment, the DC voltage or 

low frequency AC voltage, Vs, is the signal voltage that is equal to or less than 2 times the 

amplitude of the AC voltage, Voc, produced across the antenna terminals (370A, 370B), where 

Voc is the open-circuit voltage produced from the electromagnetic field 220. The capacitor, Cs, 

is large enough to be treated as a short-circuit at the carrier frequency of the electromagnetic 

field 220 but should be small enough so that signal is not smoothed to the point where it can not 

be used by the signal processing component 234. In a preferred embodiment, the value of Cs is 

between 1.5 pf and 25 pf for a carrier frequency of 2.44 gigaHertz and a signal frequency of 

38.4 kiloHertz. More preferably the range of Cs is between 1.5 pf and 10 pf. The carrier 

frequency determines the lower boundary and the signal frequency determines the upper 

boundary for the value of Cs. 

Figure 3B is a circuit diagram of a circuit 390 that models the combination 260 of the 
antenna 250 and the front end 332. The circuit comprises a voltage, Voc; an antenna 
impedance, Za; and a front end impedance, Zc. The voltage, Voc, and the impedance, Za, 
represent the equivalent circuit of the antenna 250, while the impedance, Zc, represents the 
equivalent circuit of the front end. Note that the impedance, Za (Zc), has a real part Ra (Rc) and 
an imaginary part Xa (Xc), respectively. The impedance Za, and therefore its real, Ra, and 
imaginary, Xa, parts, are uniquely determined by the components (340, 350, 360) of the antenna 
250 and their respective physical dimensions. 

The dimensions of the antenna elements (340A, 340B), the stub 350, and the optional 
loading bar(s) 360 are chosen so that the DC voltage developed in the front end; e.g. Vp and Vs, 
and the power transferred to the front end, e.g. stored in capacitors Cp and Cs, is optimum for 
an arbitrarily selected front end 232. In one preferred embodiment, the optimum voltage is the 
voltage, Vp, necessary to power the signal processing component 234 at a given distance from 
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the base station antenna 215 and the optimum power is the maximum possible power 

transferred under this voltage condition. This is accomplished, for any arbitrary front end, 

while maintaining the resonant frequency of the antenna and minimizing the area and volume 

that the antenna 250 occupies. The invention further permits the antenna 250 to be designed for 

a narrow bandwidth. 

Note that the problem solved by this invention is how to design a power source, i.e., an 
antenna 250 given an arbitrary load 232. This problem arises in one instance where it is 
difficult and/or costly to change the load design, e.g., the design of the RFID circuit (including 
the front end 232) used with the antenna 250. This problem has not been recognized or 
addressed by the prior art, particularly in the field of RFID. 

More specifically, the voltage provided to the load, the RFID circuit, e.g., either Vp or 
Vs, is given by 
VDC = 

yVoc\Rc + jXc\ / \Ra + Rc + j(Xa + Xc)\ = /VL 

where /is the voltage multiplying factor, e.g., 2 for a front end with a voltage doubler, 4 for a 
quadruples etc. This equation neglects the "turn on" (offset) voltage of the diodes. 

For a given load, i.e., impedance Zc, the voltage VDC is maximum when the imaginary 
part of the antenna impedance, Xa, and the imaginary part of the front end impedance, Xc, 
cancel, and the real part of the antenna impedance, Ra, is minimum, i.e., zero. However, in the 
preferred embodiment, the real part of the antenna impedance, Ra, cannot be zero. This is 
because as Ra approaches zero, so does the open circuit voltage, Voc, generated by the antenna. 
Furthermore, as Ra approaches zero, the amount of energy back scattered from the antenna also 
approaches zero and, as a result, no data can be transmitted back to the base station 210. In 
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addition, since the power transferred to the load is proportional to the square of Voc, the power 
available to the load (RFID circuit) falls as the square of Voc. 

More specifically, the voltage, Voc, is determined by the following: 
Voc = heff *Ei 

where heff is the effective antenna height and Ei is the strength of the electromagnetic field at 
the location of the antenna. Note that Ei is related to the distance 240 that the antenna 250 is 
from the base station antenna 215. The effective height, heff, is uniquely determined by the 
geometry of the antenna 215. 

In one preferred embodiment, the loading bar 360 is added to the dipole 340 to reduce 
the real part of the antenna impedance, Ra. In this embodiment, one or more loading bars 360 
are added to reduce Ra to a minimum value. However, this minimum value must be large 
enough to: 1. maintain Voc above a minimum input voltage, 2. maintain a minimum power to 
the load to provide the current required by the load, and 3. to provide enough back scattered 
221 electromagnetic field to transmit information to the base station 210, if required. For 
example, by adding one loading bar to a dipole, Ra is reduced from about 73 ohms to about 15 
ohms. By adding a second loading bar to the dipole, Ra is further reduced to less than 10 ohms. 

The minimum voltage, Voc, is determined by the requirements to operate the arbitrarily 
selected load, e.g. RFID circuit (232,234), at a given distance 240 from the base station. Since 
Voc is the product of heff and Ei, heff must be maintained above a minimum level given the Ei 
(i.e., the distance and field 220 strength) and the voltage requirements of the load. For some 
CMOS processes, Vp must be above 1.5 volts to read data from a Electrically Erasable 
Programmable Read Only Memory (EEPROM) and other Complementary Metal Oxide 
Semiconductor (CMOS) circuit, and typically between 3 and 3.3 volts to write to an EEPROM 
circuit. These voltages will be reduced in finer line-width processes. 
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Power is proportional to the square of Voc and if Voc drops too low, there will not be an 

adequate amount of current for the load. This requirement is determined by the minimum 

current requirement of the load. In a preferred embodiment, several micro amperes are required 

to read an EEPROM circuit and ten times that level of current is required to write to an 

EEPROM circuit. Therefore, the antenna must maintain the respective Voc described above 

while delivering these required currents. 

The (optional) back scattering requirement is determined by the distance 240, the 

sensitivity of the base station receiver 218, the power transmitted, and back scattering cross 

section (a function of Ra) of the antenna, the gain of the base station antenna, and the gain of 

the tag antenna, as follows: 

where R is the maximum detection range (e.g. 240), P min is the minimum power required for the 
receiver 218 to detect the signal (determined by the sensitivity of the receiver 218), P, is the 
transmitted power transmitted by the RF source 21 1, G is the gain of the base station antenna 
215, k is the wavelength of the RF signal 220, and a is the effective absorbing area of the 
antenna 250. 

p 

For example, if the ratio of = 10 I S , G = 4, 

X= 0.12 meters, a = 0A3X 2 = 0.0019, a 1 ' 4 = 0.21, then the maximum detection range, R, 
becomes 2.9 meters. Yet further, if all the parameters are the same but cr is reduced by 10 
times, then R = 1.6 meters. 

Factoring in the above, in a preferred embodiment, Ra is in the range between 10 ohms 
and 73 ohms and more preferably in the range between 10 ohms and 25 ohms. 

In an alternative preferred embodiment, the stub 350 is provided with or without loading 
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bar(s) 360, to adjust the imaginary part (reactance) of the antenna, Xa, to cancel the effect of the 

imaginary part of the load, Xc. Typically, since Xc is capacitive, the stub 350 adjusts Xa to be 

inductive with the same magnitude as Xc. Note that the length of the dipole elements (340 A, 

340B) can also be adjusted to achieve this cancellation. However, when the antenna length is 

changed in this way, the resonant frequency of the antenna also changes and the size of the 

antenna typically increases. Further, increasing the length of the antenna elements (340A, 

340B) causes the real part of the antenna impedance, Ra, to increase rapidly and therefore 

reduce the voltage (and power) to the load. 

Accordingly, by using the stub 350, the reactance of the antenna can be adjusted to 
cancel any arbitrary load reactance, Xc, without increasing the size of the antenna, without 
increasing the real part of the antenna impedance (therefore not reducing the voltage and power 
to the load), and without substantially changing the resonant frequency of the antenna. 
Furthermore, the effective height of the antenna 250, heff, can be maintained virtually 
unchanged, when the stub(s) 350 is (are) introduced. 

Figure 4 is a block diagram of one preferred embodiment of the present receiving 
antenna 250, e.g. mounted on a substrate. The substrate can be any known substrate and the 
antenna any type of conductive material, e.g. metal wires, printed metal on circuit (PC) boards, 
printed metal oil flexible substrate, screen printed conductive ink, and punched (or etched) lead 
frame. One preferred method and apparatus that can be used with the design of this antenna is 
disclosed in U.S. Patent Application Numbers 08/621,784 entitled 'Thin Radio Frequency 
Transponder with Leadframe Antenna Structure", filed on March 25, 

1996 to Brady et al (now U.S. Patent 5,786,626 issued July 28, 1998), and 08/621,385 entitled 
"Method of Making Thin Radio Frequency Transponder" filed on March 25, 1996 to Brady et 
al. which are herein incorporated by reference in their entirety. 
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Figure 4 shows a dipole antenna 400 with a number 450 of (one or more) loading bars 

(360,410). Various geometric properties of the loading bar include: the length of a loading 
bar(s) 420, the width of a loading bar(s) 430, the distance 440 between a loading bar and the 
antenna 400, and the distance 460 between loading bars when there is more than one loading 
bar. Thickness of the conductive lamination, not shown, is not considered significant for these 
applications. Where the cross sections of the conductive lamination are of different non- 
rectangular shapes, known analysis can be used to determine an equivalent lamination with a 
rectangular cross section. Note that for most RFID applications, the thickness of the conductive 
lamination is a small percentage of the width of the antenna 401 or loading bars 410 and 
therefore, these cross sectional effects is of secondary importance. 

Note that the antenna (250, 400) is shown as a dipolar antenna. However, the invention 
will also apply to other well known antenna types, e.g., folded dipole, loop antenna or their 
complements (slot antennas). (For examples of some antenna types, see U.S. Patent Number 
5,682,143 to Brady et al., entitled "RADIO FREQUENCY IDENTIFICATION TAG", filed on 

September 9, 1994, and U.S. Patent Number 5,528,222 to Moskowitz et al. issued June 18, 
1996 which are both herein incorporated by reference in their entirety). In the cases where the 

antenna is not a DC open-circuit, the front end must be designed to provide a DC isolation (e.g. 

inserting an appropriate capacitor in series with the antenna and its terminal 370). 

Complements of antennas are those antennas where the conductive portion is replaced by non 

conductive material and the non conductive portion is replaced by conductive material. 

A number 450, i.e., one or more, loading bars 410 are placed adjacent (within a distance 

440) to the antenna 400 so that, in combination, they act as a loading element on the antenna 

400. A loading bar 410 is characterized by its length 420, width 430, and the distance 440 to 

the antenna 400. 
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The effect of loading bars 410 is to suppress (reduce) the real part of the antenna input 

impedance, Ra. This suppression is observed over a bandwidth. When the carrier frequency is 
beyond this bandwidth, the real part of the antenna input impedance, Ra, rises again, but at a 
slower rate compared to the antenna 400 with no loading bar 410. The presence of the loading 
bar 410 also affects the imaginary part of the antenna input impedance. However, the effect is 
minimal, and the imaginary part of the antenna input impedance still increases monotonically as 
frequency increases. Therefore, over the bandwidth, the Ra is suppressed without significantly 
affecting the imaginary part. 

In general, the smaller the spacing 440 between the loading bars and the antenna 400, 
the more significant is the suppression of the real part of the antenna input impedance, Ra. In a 
preferred embodiment, the spacing 440 is between one and five times the width 401 of the 
antenna. In one embodiment, the spacing 440 is less than 25% of the wavelength of the 
operating frequency, i.e., the frequency 125 to which the antenna is tuned to resonate. In a more 
preferred embodiment, the spacing 440 is less than 10% of this wavelength, and in a still more 
preferred embodiment, the spacing 440 is less than 3% of this wavelength. Furthermore, the 
resonant frequency (the frequency at which the imaginary part of the antenna input impedance 
vanishes) decreases when the spacing 440 between the loading bar and a dipole antenna 
increases. The change in resonant frequency is also minor. For instance, the antenna can be 
retuned by changing the length of the antenna 400 but this change in length (on the order of a 
few per cent) will not cause the antenna 400 to occupy a much larger area. 

In general, when the length of loading bars 420 is between zero and the length of the 
antenna 400, the suppression effect increases as the length 420 increases. (The length 420 here 
is the effective length, i.e., the length of the loading bar that is within the spacing distance 440 
of the antenna and therefore has a stronger interaction with the antenna). However, the effect is 
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less significant when the length 420 becomes larger than the length 405 of the antenna 400. In a 

preferred embodiment, the length of loading bars 420 is chosen to be similar to or smaller than 

that of a dipole antenna, e.g. the length of the dipole, within a tolerance. Manufacturing 

considerations may also dictate the length 420. 

In general, the effect of loading bars increases with the width 430 of loading bars, 
namely, the real part of the antenna input impedance is further suppressed. Empirical tests have 
shown that loading bar widths 430 of up to 30 times the width 401 of the antenna effectively 
suppress the real part, Ra. However, even a loading bar with the same width 430 as that of the 
antenna 401 will suppress Ra. For example, a single loading bar with a width 430 equal to the 
width of the antenna 401, a length 420 approximately equal to the length 405 of the antenna, 
and a spacing 440 of twice the antenna width 401, suppressed Ra from 73 ohms to 15 ohms. In 
this case increasing the width 430 of the loading bar further reduces (or suppresses) Ra. 

In general, the real part of the antenna input impedance is suppressed more with a larger 
number of loading bars 550. For example, using a second loading bar 410 with the same width 
430 as the antenna's width 401 and a spacing 460 to the first loading bar the same as the spacing 
440 between the first loading bar 410 and the antenna 400 suppressed the Ra from 15 ohms to 5 
ohms. While the number of bars 450 depends on the application, two preferred numbers of bars 
450 are: one or two. The smaller the number 450 of loading bars 410, the less area the antenna 
occupies and the less asymmetry is introduced into the antenna radiation pattern. 

In a preferred embodiment, the spacing 460 between the loading bars 410 is chosen to 
be similar to that between loading bars and the antenna 440, i.e., less than 25% of the 
wavelength. Note that the further that the next loading bar is from the antenna, the less the 
effect on Ra of this loading bar. Also, this loading bar spacing 460 can be varied to affect the 
antenna radiation pattern. 
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The length of loading bars 420, the width of loading bars 430, the spacing to a dipole 

antenna 440, and the number of loading bars 450 can be adjusted to obtain the desired real part 

of the antenna input impedance without significantly changing the imaginary part of the antenna 

input impedance, Xa, and the resonant frequency of the antenna 400. 

Figure 5 is a block diagram that shows alternative embodiments of the optional loading 
bars 410. As mentioned above, the loading bars 410 are adjacent to the antenna 400. 
"Adjacent" means that at least some part (i.e., the effective part) of the loading bar is within a 
distance 440 of some part of the antenna 400, where the distance 440 is a small percentage 
(preferably under 25%, more preferably under 10 %, and still more preferably under 3 %) of the 
wavelength of the resonant and/or operating frequency. 

Figure 5A shows loading bars 410 of various shapes. Note that any combination of 
these shapes is possible. Loading bar 510 is a non-linear loading bar, e.g. having one or more 
curves. Loading bar 520 is linear. Loading bar 530 has one or more locations with a varying 
width 430. Loading bar 535 is made of two or more sections that are not electrically connected 
to one another. Note that at one or more points along the loading bars 410, e.g., the ends, two 
or more loading bars can be electrically connected. In some embodiments, this might be done 
to enhance the mechanical strength of the antenna 400. Figure 5B shows loading bars (510, 
532) on either or both sides of a dipole antenna 400. Figure 5C shows a loading bar 540 that 
wraps around the antenna 400. Figure 5D shows loading bars with various lengths (420A, B), 
various spacing between the loading bars (460A, B), and various widths of loading bars 
(430A,B). 

Essentially, the loading effect of the loading bars is caused by the accumulated effect of 
the electromagnetic coupling between any given point on the loading bar 410 to any given point 
on the antenna 400 as well as the electromagnetic coupling among the loading bars. This 
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coupling is inversely proportional to the distance between these two points. Therefore, there are 

the following rules of thumb: 

1. the closer 440 the loading bar is to the antenna, the greater the suppression of Ra. 

2. the more portions (effective length) of the loading bar that are close 440 to antenna, 
the greater the suppression of Ra. 

3. the larger the area of the loading bar, i.e., determined by the length 420 and the width 
430, the greater the suppression of Ra. Note that area is also dependent on the shape of the 
loading bar. The area is also determined by the number 450 of loading bars. 

Figure 6A is a block diagram of a closed- or short-circuited tuning stub 600 that is part 
of one or more of the elements of the antenna 400. Figure 6B shows an alternative tuning stub, 
the short- or open-circuited tuning stub 650. Closed tuning stubs 600 and open tuning stubs 650 
add reactance to the antenna and therefore, can be treated as a lumped reactive element 
(inductor or capacitor). 

Tuning stubs are further disclosed and claimed in U.S. Patent Application number 
08/790,639, entitled "A WIRE ANTENNA WITH STUBS TO OPTIMIZE IMPEDANCE FOR 
CONNECTING TO A CIRCUIT" filed on January 29, 1997. 

A tuning stub may be treated as a transmission line comprising two transmission-line 
conductors 610 and a termination 620. A tuning stub can be treated as a lumped, reactive 
circuit element, namely, an inductor or a capacitor. The electrical property of the tuning stub is 
determined by its length 612, width 614 of the conductors 610, spacing of the conductors 616, 
and a termination 620. The termination 620 could be a short-circuited termination 622, or an 
open-circuited termination 624. 

For a short-circuited termination 622, the impedance of a stub is determined by 
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Zs=j*Z0*tan(beta* 1)(1) 

where j is the square root of -1, Z0 is the characteristic impedance of the stub transmission line, 
tan is the tangent trigonometrical function, beta is the phase constant of the stub transmission 
line, and 1 is the length of the stub 612. The characteristic impedance of the stub transmission 
line, Z0, is determined by 

Z0=120*log(4*s/w)(2) 

where log is the natural logarithm function, s is the center-to-center spacing of the transmission 
line conductors 616, and w is the width of the transmission line conductors 614. 
The phase constant of the stub transmission line, beta, is determined by 

beta = 2 * pi / lambda_g (3) 

where lambdajj is the guided wavelength that is related to the medium that surrounds the 
antenna. The guided wavelength can be determined by well known techniques. Pi is 
approximately equal to 3.1416. 

For an open-circuited termination 624, the impedance of a stub is given by 

Zo = -j * Z0 * cot(beta * 1)(4) 

where j is the square root of -1, ZO is the characteristic impedance of the stub transmission line, 
cot is the cotangent trigonometrical function, beta is the phase constant of the stub transmission 
line, and 1 is the length of the stub 612. 

Using equations (1) and (4), one may design the tuning stub with any desired 
impedance. 

By examining the equations above, it is seen that increasing the length 612 increases the 
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inductance (capacitance) for a short (open) circuited stub only when the length 612 is between 

2n times a quarter of the guided wavelength and 2n + 1 times a quarter of the guided 

wavelength, lambda_g, (where n = 0, 1, 2, 3, etc ).. However, if the length 612, is between 2n + 

1 and 2n +2 times a quarter guided wavelength of the operating/resonant frequency, then 

increasing the length 612 increases the inductance (capacitance) for a open (short) circuited 

stub. 

In other words, one or more stubs is added to one or more of the antenna elements. The 
stubs act as two-conductor transmission line and are terminated either in a short-circuit or open- 
circuit. The short-circuit stub(s) acts as a lumped inductor (capacitor) when the length of the 
transmission line is within odd (even) multiples of one quarter guided wavelength of the 
transmission line. The open-circuit stub(s) acts a lumped capacitor (inductor) when the length 
of the transmission line is within odd (even) multiples of one quarter of the guided wavelength. 
The magnitude of these lumped capacitors and inductors (reactances) is affected not only by the 
material surrounding the stub, but also is affected by a stub length, a stub conductor width, and 
a stub spacing. 

In a preferred embodiment, the length of a tuning stub 612 is often constrained to be 
shorter than a quarter of a guided wavelength in the transmission line. In this situation, the 
imaginary part of the impedance of a short-circuited stub is positive according to equation (1), 
making the stub behave like an inductor. Similarly, the imaginary part of the impedance of a 
open-circuited stub is negative according to equation (4), making the stub behave like a 
capacitor. Notice that if the length of the stub 612 is between a quarter wavelength and a half 
wave length, a short-circuited stub becomes capacitive, and an open-circuited stub becomes 
inductive. The reactance of the tuning stub changes sign when the length of the stub changes 
into the next quarter wavelength. 
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For convenience in discussion below, it is assumed that the stub lengths 612 are less 

than or equal to a quarter wave length of the operating/resonance frequency. However, this 

description applies equally to other quarter wavelength multiples of length as described above. 

The following rules apply in the design of stubs: 

1 . The longer the stub, the larger the reactance. 

2. The larger the spacing (116)- to-width (614) ratio, s/w, the larger the reactance. 

3. The length 612, spacing 616, and termination of the stub (620, 624), and the substrate 
material can be chosen to produce the desired reactance value. (The substrate material changes 
the effective dielectric constant that determines the characteristic impedance of the transmission 
line 610). 

4. The tuning stub basically behaves like a lumped circuit element. It may be used to 
replace a lumped inductor, for example, to load an antenna and to produce the desired antenna 
input impedance without significantly changing Ra. 

5. A tuning stub functions independently of the loading bars. While loading bars 
mainly change the real part of the antenna input, Ra, the tuning stubs mainly change the reactive 
part of the antenna input impedance. 

Figure 7 shows variations of the use of tuning stubs. Note that the tuning stubs can be 
used independently of loading bars. Figure 7(a) shows a dipole antenna containing multiple 
tuning stubs. Further, the stubs can have different geometrical parameters, e.g. spacing 1 16, 
width 614, length 612, termination (620, 624), and material. For example, the stub 710 has a 
wider separation 1 16A and a shorter length 612A than the separation 1 16B and length 612B of 
stub 720. Figure 7(b) shows tuning stubs on both arms (340 A, 340B) of a dipole antenna 250. 
One or more of the stubs on each of the arms 340 can have different geometrical parameters 
than those on the other arm 340. The stubs can also be placed 720 on opposite sides of either of 
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the arms 340. 

Generally (see exception below), changing the position of a given tuning stub on the 
arm 340 of a dipole antenna or on a small loop antenna (a small fraction of a wavelength in 
length) has little effect on the impedance. However, placement of the stub along the length of a 
large loop antenna (e.g., more than one wavelength in length) does have an effect on the 
impedance because the magnitude and phase of the current changes along the antenna length. 
Again in these cases, the effect of adding the stub can be analyzed as the effect of adding a 
lumped impedance at that location. 

Figure 8 is a block diagram of one preferred embodiment of the antenna 250. 

In this preferred embodiment, there are two 850 loading bars, each with a width 830 that 
is the same as the width 801 of the antenna. For 2.44 gigaHertz, this width 801 is chosen to be 
between 0.25 to 0.75 millimeters (mm), preferably about 0.5 mm. These numbers are chosen 
mainly for manufacturing convenience. The first loading bar is spaced from the antenna at a 
distance 840 that is equal to about 2 times the antenna width 801. The second loading bar is 
equally spaced at the same distance 860 from the first loading bar. The length 820 of the 
loading bars are chosen to be equal to that of the antenna mainly for manufacturing 
convenience. However, this configuration causes the antenna radiation pattern to be 
asymmetric. In alternative preferred embodiments, the lengths of the loading bars 820 are 
shortened to make the pattern more symmetric. Note that while reducing the length of the 
loading bars 820 affects both the antenna radiation pattern symmetry and Ra, the magnitude of 
the effect on symmetry is greater than that on Ra. For this embodiment, the loading bar length 
820 can be between 70 and 100 percent of the antenna length (about 50 mm) without changing 
Ra significantly. Of course Ra can be "tuned" by changing the other geometrical parameters of 
the loading bars as described above. Other geometric parameters, e.g. the number of loading 
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bars 850, also will affect the radiation pattern. 

A single stub 880 is placed at a distance 806 from the antenna connection 870. This 
distance 806 has little effect on the antenna input impedance for most of the length of the 
antenna. However, the distance 806 is chosen so that the stub is not too close to the end of the 
arm of the dipole because placement at the end of the dipole would cause the stub to be at a 
current minimum. If the distance 806 is within 70 per cent of the antenna arm length the 
antenna impedance will not change significantly with respect to the position of a given stub 
880. However, in the 30 percent of the antenna arm length that is at the end of the dipole, there 
is a noticeable change in antenna impedance with respect to the position of a given stub 880 in 
this region. Therefore, in this embodiment, the stub 880 is located at a 806 within 70 per cent 
of the antenna length for ease of tuning the antenna. 

In this embodiment, the single stub 880 has a line width 814 that is one half of -the 
width of the antenna 801 . The center-to-center spacing 816 is about the same as the antenna 
line width 801. The transmission line length 812 is about 10 percent of the antenna length 
(which is slightly less than 1/2 wavelength). The termination 820 is a short-circuit which 
causes the stub 880 to be inductive. 

Figure 9 is a diagram showing an alternative preferred embodiment of a meander dipole 
with a single loading bar and stub structure. Meander dipoles have arms that are not straight 
lines and are well known in the literature. By using a meander dipole, the length of the antenna 
(not numbered) can be placed in a smaller area. This embodiment uses a single 950 loading bar 
with a width 930 that is the same as the antenna line width 901 . The loading bar is placed at a 
distance 940 from a given point on the antenna that is the same as the antenna line width 901. 
The length of the loading bar 920 is the same as the linear distance 925 spanned by the meander 
dipole. 
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A single stub 980 is located on one of the arms of the meander dipole at a distance 906 

from the antenna terminal 370 that is within 70 percent of the linear distance 925 spanned by 

the meander dipole. The transmission line length 912 is chosen, as before, to be about 10 

percent of the entire (meandered) antenna length. The stub width 914 is equal to the line width 

901 of the antenna. The stub spacing 916 is equal to twice the line width 901 of the antenna. 

The termination is a short-circuit so that the stub appears as a lumped inductor. (Note that the 

stub is drawn as pointing downward. However, the same effect can be achieved by a stub that is 

pointing up or by a stub that is placed horizontally at one of the vertical sections of the meander 

dipole. 

Given this disclosure, equivalent embodiments of this invention would become apparent 
to one skilled in the art. These embodiments are also within the contemplation of the inventors. 
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Exemplary aspects of the disclosed invention may be summarized as follows: 

1. An antenna comprising: 

a. an antenna section that has one or more elements and one or more antenna terminals, 
the antenna tuned to receive a radio frequency signal having a wavelength, an impedance across 
the antenna terminals having a real and a reactive part; and 

b. one or more loading bars, each loading bar having an effective length, the loading bar 
being within an antenna distance of at least one of the elements of the antenna over the effective 
length, the antenna distance being less than one quarter of the wavelength, and the loading bar 
reducing the real part of the impedance. 

2. An antenna, as in claim 1, where any one of the loading bars has any one or more of 
the following geometric parameters: a linear shape, a non linear shape, two or more parts that 
are not electrically connected, a varying bar width, a first placement on a first side of the 
antenna section, and a second placement on a second side of the antenna section. 

3. An antenna, as in claim 2, where the bar length of one or more of the loading bars is 
equal to the antenna length of the antenna section within a tolerance. 

4. An antenna* as in claim 2, where there is a bar spacing between any two of the 
loading bars and decreasing the bar spacing increases the amount that the real part is 
suppressed. 

5. An antenna, as in claim 4, where the bar spacing is less than 5 times an antenna width 
of the antenna section. 

6. An antenna, as in claim 2, where the antenna section is any one of the following 
antenna types: a dipole, a monopole, a folded dipole, a loop, and a meander dipole. 

7. An antenna as in claim 2, where the antenna section is a complementary aperture 
type antenna of any of the following antenna types: a dipole, a monopole, a folded dipole, a 
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loop, and a meander dipole. 

8. An antenna, as in claim 1, where one or more of the loading bars surrounds the 
antenna. 

9. An antenna, as in claim 1, where two or more of the loading bars are electrically 
connected. 

10. An antenna, as in claim 1 , where each of the loading bars has a bar width and 
increasing the bar width increases the amount that the real part is suppressed. 

1 1. An antenna, as in claim 10, ,where the bar width of one or more of the loading bars 
is less than 30 times an antenna width of the antenna section. 

12. An antenna, as in claim 1, where the distance is less than 10% of the wavelength. 

13. An antenna, as in claim 1, where the distance is less than 3% of the wavelength. 

14. A antenna comprising: 

a. an antenna section that has one or more elements and one or more antenna terminals, 
the antenna tuned to receive a radio frequency signal having a wavelength, an impedance across 
the antenna terminals having a real and a reactive part; 

b. one or more loading bars, each loading bar having an effective length, the loading bar 
being within an antenna distance of at least one of the elements of the antenna over the effective 
length, the antenna distance being less than one quarter of the wavelength, and the loading bar 
reducing the real part of the impedance; and 

c. one or more stubs in one or more of the elements, each of the stubs being a 
transmission line with a guided wavelength related to the wavelength, and each of the stubs 
having two conductors each with a conductor width, a stub length, a stub spacing between the 
conductors, and a termination, each of the stubs contributing a reactance to the reactive part. 

15. An antenna, as in claim 14, where one or more of the stub lengths is an odd multiple 
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of one quarter of the guided wavelength, the termination is a short-circuit, and the stub 

contributes an inductance to the impedance. 

16. An antenna, as in claim 14, where one or more of the stub lengths is an odd multiple 
of one quarter of the guided wavelength, the termination is an open-circuit, and the stub 
contributes a capacitance to the impedance. 

17. An antenna, as in claim 14, where one or more of the stub lengths is an even 
multiple of one quarter of the guided wavelength, the termination is a short-circuit, and the stub 
contributes a capacitance to the impedance. 

18. An antenna, as in claim 14, where one or more of the stub lengths is an even 
multiple of one quarter of the guided wavelength, the termination is an open-circuit, and the 
stub contributes an inductance to the impedance. 

19. An antenna, as in claim 14, where increasing the stub length increases the reactance 
contributed to the reactive part. 

20. An antenna, as in claim 14, where increasing the ratio of the stub spacing to 
conductor width increases the reactance contributed to the reactive part. 

21. An antenna, as in claim 14, where one or more of the elements has an end, an 
element length being the distance from the antenna terminal to the end, and one or more of the 
stubs is located within 70% of the element length from the antenna terminal. 

22. An antenna, as in claim 14, where the antenna section is any one of the following 
antenna types: a dipole, a monopole, a folded dipole, a loop, and a meander dipole. 

23. An antenna as in claim 22, that is a complementary aperture type antenna of any of 
the following: a dipole, a monopole, a folded dipole, a loop, and a meander dipole. 

24. An antenna, as in claim 14, where the stub length is equal to or less than one quarter 
of the guided wavelength. 
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25. An antenna comprising: 

a, an antenna section means, that has one or more elements and two or more antenna 
terminals, for being tuned to receive a radio frequency signal having a wavelength, an 
impedance across the antenna terminals having a real and a reactive part; and 

b. one or more loading bars for reducing the real part of the impedance, each loading 
bar having an effective length, the loading bar being within an antenna distance to at least one 
of the elements of the antenna over the effective length, the antenna distance being less than one 
quarter of the wavelength. 

26. A radio frequency tag having an antenna with one or more antenna terminals, the 
antenna terminals electrically connected to a front end, and the front end electrically connected 
to a tag circuit, the antenna further comprising: 

a. an antenna section that has one or more elements connected to the terminals, the 
antenna tuned to receive a radio frequency signal having a wavelength, an impedance across the 
antenna terminals having a real and a reactive part; and 

b. one or more loading bars, each loading bar having an effective length, the loading bar 
being within an antenna distance to at least one of the elements of the antenna over the effective 
length, the antenna distance being less than one quarter of the wavelength, and the loading bar 
reducing the real part of the impedance. 

27. An antenna comprising: 

a. an antenna section that has one or more elements and one or more antenna terminals, 
the antenna tuned to receive a radio frequency signal having a wavelength, an impedance across 
the antenna terminals having a real and a reactive part; and 

b. one or more stubs in one or more of the elements, each of the stubs being a 
transmission line with a guided wavelength related to the wavelength, and each of the stubs 
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having two conductors each with a conductor width, a stub length, a stub spacing between the 

conductors, and a termination, each of the stubs contributing a reactance to the reactive part. 

28. An antenna, as in claim 27, where one or more of the stub lengths is an odd multiple 
of one quarter of the guided wavelength, the termination is a short-circuit, and the stub 
contributes as an inductance to the impedance. 

29. An antenna, as in claim 27, where one or more of the stub lengths is an odd multiple 
of one quarter of the guided wavelength, the termination is an open-circuit, and the stub 
contributes a capacitance to the impedance. 

30. An antenna, as in claim 27, where one or more of the stub lengths is an even 
multiple of one quarter of the guided wavelength, the termination is a short-circuit, and the stub 
contributes to the impedance. 

3 1. An antenna, as in claim 27, where one or more of the stub lengths is an even 
multiple of one quarter of the guided wavelength, the termination is an open-circuit, and the 
stub contributes an inductance to the impedance. 

32. An antenna, as in claim 27, where increasing the stub length increased the reactance 
contributed to the reactive part. 

33. An antenna, as in claim 27, where increasing the ratio of the stub spacing to 
conductor width increases the reactance contributed to the reactive part. 

34. An antenna, as in claim 27, where one or more of the elements has an end, an 
element length being the distance from the antenna terminal to the end, and one or more of the 
stubs is located within 70% of the element length from the antenna terminal. 

35. An antenna, as in claim 27, where the antenna section is any one of the following 
antenna types: a dipole, a monopole, a folded dipole, a loop, and a meander dipole. 

36. An antenna, as in claim 35, where the antenna section is a complementary aperture 
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type antenna including any of the following: a dipole, a monopole, a folded dipole, a loop, and 

a meander dipole. 

37. An antenna, as in claim 27, where the stub length is equal to or less than one quarter 
of the guided wavelength. 

38. An antenna comprising: 

a. an antenna section means that has one or more element means and one or more 
antenna terminal means, the antenna section means for being tuned to receive a radio frequency 
signal having a wavelength, an impedance across the antenna terminal means having a real and 
a reactive part; and 

b. one or more stub means in one or more of the elements, each of the stub means being 
a transmission line with a guided wavelength related to the wavelength, and each of the stub 
means having two conductors each with a conductor width, a stub length, a stub spacing 
between the conductors, and a termination, each of the stub means for contributing a reactance 
to the reactive part. 

39. A radio frequency tag having an antenna with one or more antenna terminals, the 
antenna terminals, the antenna terminals electrically connected to a front end, and the front end 
electrically connected to a tag circuit, the antenna further comprising: 

a. an antenna section that has one or more elements electrically connected to the 
terminals, the antenna tuned to receive a radio frequency signal having a wavelength, an 
impedance across the antenna terminals having a real and a reactive part; and 

b. one or more stubs in one or more of the elements, each of the stubs being a 
transmission line with a guided wavelength related to the wavelength, and each of the stubs 
having two conductors each with a conductor width, a stub length, a stub spacing between the 
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conductors, and a termination, each of the stubs contributing a reactance to the reactive part. 

40. A tag, as in claim 39, where the antenna has a line width and the conductor width is 

no larger than the line width, the stub spacing is less than three times the line width, and the 

stub length is less than one half the guided wavelength. 
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Field of the Invention 

The invention relates to radio frequency identification (RFID) systems and, more 
particularly, to RFID systems that employ a high gain antenna. 

Background of the Invention 

Radio Frequency Identification (RFID) transponders (tags) are operated in conjunction 
with RFID base stations for a variety of inventory-control, security and other puiposes. 
Typically an item having a tag associated with it, for example, a container with a tag placed 
inside it, is brought into a "read zone" established by the base station. The RFID base station 
generates a continuous wave electromagnetic disturbance at a carrier frequency. This 
disturbance is modulated to correspond to data that is to be communicated via the disturbance. 
The modulated disturbance, which carries information and may be sometimes referred to as a 
signal, communicates this information at a rate, referred to as the data rate, which is lower than 
the carrier frequency. The transmitted disturbance will be referred to hereinafter as a signal or 
field. The RFID base station transmits an interrogating RF signal which is modulated by a 
receiving tag in order to impart information stored within the tag to the signal. The receiving tag 
then transmits the modulated, answering, RF signal to the base station. 

RFID tags may be active, containing their own RF transmitter, or passive, having no 
transmitter. Passive tags, i.e., tags that rely upon modulated back-scattering to provide a return 
link to an interrogating base station, may include their own power sources, such as a batteries, 
or they may be "field-powered", whereby they obtain their operating power by rectifying an 
interrogating RF signal that is transmitted by a base station. Although both types of tag have 
minimum RF field strength read requirements, or read thresholds, in general, a field-powered 
passive system requires at least an order of magnitude more power in the interrogating signal 
than a system that employs tags having their own power sources. Because the interrogating 
signal must provide power to a field-powered passive tag, the read threshold for a field-powered 
passive tag is typically substantially higher than for an active tag. However, because field- 
powered passive tags do not include their own power source, they may be substantially less 
expensive than active tags and because they have no battery to u run down", field-powered 
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passive tags may be more reliable in the long term than active tags. And, finally, because they 
do not include a battery, field-powered passive tags are typically much more "environmentally- 
friendly". 

Although field-powered passive tag RFID systems provide cost, reliability, and 
environmental benefits, there are obstacles to the efficient operation of field-powered passive 
tag RFID systems. In particular, it is often difficult to deliver sufficient power from a base 
station to a field-powered passive tag via an interrogating signal. The amount of power a base 
station may impart to a signal is limited by a number of factors, not the least of which is 
regulation by the Federal Communication Commission (FCC). In addition to limits placed 
upon the base station's transmitted power, i.e., the power level at the base station's antenna 
input, RFID tags are often affixed to the surface of or placed within, a container composed of 
RF absorptive material. 

Some applications impose restrictions on RFID tags which have severely limited the use 
of RFID tags in specific areas. That is, in order to provide optimal performance, RFID tags 
should typically include a resonant antenna. However conventional RFID tags include resonant 
antennas, such as resonant dipole antennas, that require more space than "form factor" driven 
application will permit. Garment tagging is one application in which the tag, in order not to 
interfere with marketing or to avoid damaging the garments, should be made as small as 
practicable: essentially invisible to a potential customer. Many other applications, including, 
parcel tagging and keychain tags also require compact tags. All these potential application areas 
require the use of a low cost tag that can be interrogated from a distance. 

Field powered tags are particularly susceptible to variations ins an interrogating signal's 
field strength. That is, field powered RFID tags are generally designed to operate at as great a 
distance as possible. Providing a relatively long read range is a significant advantage for an 
RFID tag system. RFID tags are therefore generally designed to operate at from a long distance. 
When operating at a great distance, the tags will dissipate very little energy, employing only 
miniscule currents to operate. Somewhat ironically, when an attempt is made to operate such a 
tag in close proximity to a base station, the significantly increased current levels which result 
from the much stronger field strength of the interrogating signal can cause an RFID tag to 
malfunction. An RFID tag integrated circuit may, for example, include clock and data recovery 
circuitry. If the IC's bias supply varies due variations in the field strength of the interrogating 
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signal, the clock circuitry, and other circuitry may be disrupted in a manner that causes the tag 
to be misread. 

A low cost RFID tag that provides relatively high performance, that is, relatively long 
read/write distances and stable operation in close proximity to a base station, and can be made 
essentially "invisible" for applications such as garment tagging, keychain tags, parcel tags, etc., 
would therefore be highly desirable. 

Related applications and issued patents 

Related U.S. Patents assigned to the assignee of the present invention include: 
5,528,222; 5,550,547; 5,552,778; 5,554,974; 5,538,803; 5,563,583; 5,565,847; 5,606,323; 
5,521,601; 5,635,693; 5,673,037; 5,682,143; 5,680,106; 5,729,201; 5,729,697; 5,736,929; 
5,739,754; and 5,767,789. Patent applications assigned to the assignee of the present invention 
include: application USP 5,673,037; No. 08/621,784, filed on March 25, 1996 entitled, "Thin 
Radio Frequency Transponder with Leadframe Antenna Structure" by Brady et al. (pending); 
Application No. 08/626,820, Filed: 4/3/96, entitled, "Method of Transporting RF Power to 
Energize Radio Frequency Transponders", by Heinrich et al.; Application No. 08/694,606 filed 
8/9/96 entitled, "RFID System with Write Broadcast Capability" by Heinrich et al. ; application 
No. 08/681,741, filed 07/29/96 entitled, "RFID Transponder with Electronic Circuit Enabling 
and Disabling Capability", by Heinrich et al.; Application No. 08/592,250 (See also PCT 
International Application No. PCT/EP95/03903 filed 20 September 1995, and U.S. Application 
No.08/330,288 filed 27 October 1994, now abandoned, on which the PCT application is based); 
USP 5,729,201; Application No. 08/909,719 ; Application No. 08/621,784; Application No. 
08/660,249 ; Application No. 08/660,261 ; Application No. 08/790,640 ; Application No. 
08/790,639 ; and Application No. 08/ 681,742. The above identified U.S.. Patents and U.S. 
Patent applications are hereby incorporated by reference. 

Summary 

A radio-frequency identification (RFID) transponder (tag) in accordance with the 
principles of the invention includes a resonant wire antenna that is confined to an area which 
has no dimension long enough to accommodate a resonant antenna. The antenna is coupled to 
RFID circuitry which, in the illustrative embodiment, is implemented as an RFID tag integrated 
circuit (IC). The tag IC and the antenna are mounted on the same side of a substrate. The arms 
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of the antenna are contorted in one way or another in order to fit the antenna into the limited 
available space on the substrate. That is, rather than employing a dipole antenna having two 
straight "arms", the new RFID tag antenna is formed in a manner that increases its electrical 
length to the point that it is a half wavelength resonant antenna, in spite size restrictions 
imposed by the RFID tag. The antenna may be implemented as a "bent dipole" antenna, with 
the tag IC attached so that the lengths of the two antenna arms on either side of the chip are 
identical in length or, optionally, with arms having different lengths. 

Other antenna configurations include: a Z shaped antenna, whereby the ends of a dipole 
are "bent" to fit within the tag area, a meander dipole, whereby sections of a dipole antenna are 
bent to fit within the tag area, and a meander dipole with bent sections of non-uniform length, 
spiral type loops, a "squeezed dipole", whereby the dipole arms are formed by "squeezing" a 
loop antenna. An antenna that is a combination of "straight dipole" and meander antenna may 
be employed, as well as other combinations of the above antenna configurations, with or 
without loading bars or stubs, to create resonant antennas within the relatively confined space 
provided by a miniature RFID tag. Additionally, a ground plane may be added to the opposite 
side of the substrate in order to enhance the gain of the antenna and to make the tags applicable 
to metallic surfaces. A plurality of antennas may also be combined on the tag to provide wider 
operational bandwidths. 

The new RFID tag may also include a stabilized reference, which enhances the operation 
of a field-powered RFID tag. 

Brief Description of the Drawings 

The above and farther features, aspects, and advantages of the invention will be apparent 
to those skilled in the art from the following detailed description, taken together with the 
accompanying drawings in which: 

Figure 10 is a conceptual block diagram of an RFID system in accordance with the 
principles of the invention; 

Figure 11 is a top plan view of an exemplary RFID tag which employs RFID tag 
circuitry in the form of an RFID tag integrated circuit (IC) connected to a meander antenna; 

Figure 12 is a top plan view of an illustrative embodiment of an RFID tag that employs 
a combination of a straight dipole and meander antennas; 
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Figure 13 is a top plan view of an illustrative embodiment of an RFID tag that includes a 

non-uniform meander antenna; 

Figure 14 is a top plan view of an illustrative embodiment of an RFID tag that employs 

a bent dipole antenna; 

Figure 15 is a top plan view of an illustrative embodiment of an RFID tag that employs 
spiral antennas; 

Figure 16 is a top plan view of an illustrative embodiment of an RFID tag that employs 
a "z-shaped" antenna; 

Figure 17 is a top plan view of an illustrative embodiment of an RFID tag that employs 
an antenna which is a combination of spiral and non-uniform meander antennas; 

Figure 18 is a top plan view of an illustrative embodiment of an RFID tag that employs 
an antenna that is a combination of a non-uniform meander and pinched dipole antennas; 

Figure 19 is a top plan view of an illustrative embodiment of an RFID tag that employs 
a pinched dipole antenna; and 

Figure 20 is a top plan view of an illustrative embodiment of an RFID tag that employs 
bent meander antenna. 

Detailed Description 
An RFID system in accordance with the principles of the present invention is illustrated 
in the conceptual block diagram of Fig. 10. An RF base station 1000 includes an RF transmitter 
1002, an RF receiver 1004, and an antenna 1006 connected to the transmitter 1002 and receiver 
1004. An RF tag 1016 such as may be used in conjunction with the base station 1000 includes 
an RF front end 1010, a signal processing section 1012, and a spiral antenna 1014 which 
provides high gain, low axial ratio, high directivity operation over a relatively wide frequency 
band. 

In operation, the base station 1000 interrogates the tag 1016 by generating an RF signal 
having a carrier frequency F c . The carrier frequency F c is chosen based on a number of factors 
known in the art, including the amount power permitted at that frequency by FCC regulations. 
The RF signal is coupled to the antenna 1006 and transmitted to the tag 1016. As will be 
discussed in greater detail below, the tag may be employed in a number of applications, but is 
particularly suited to industrial or warehousing applications in which the tag may be mounted 
within a plastic container that is, in turn, mounted on or within a pallet. The container 
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associated with the tag 1016 is typically moved into a "read zone" within which it is intended 

that the RF tag will be successfully interrogated. 

The RF signal emitted by the antenna 1006, will, ostensibly, be received by the tag 
antenna 1014 and, if the RF signal's field strength meets a read threshold requirement, the RF 
tag will respond to the reception of the signal by modulating the RF carrier to impart 
information about the associated container onto the back-scattered RF field, which propagates 
to the base station 1000. The RF signal transmitted by the base station 1000 must have 
sufficient field strength, taking into account the polarization of the signal and of the tag's 
antenna, at the location of the tag 1016 for the tag to detect the RF signal. In the case of a field- 
powered passive tag, the interrogating signal's field strength generally must be great enough for 
the tag 1016 to rectify the signal and to use the signal's energy for the tag's power source. 

A RIFD tag in accordance with the principles of the invention is illustrated in Figure 11. 
The RFID tag 1100 includes an RFID integrated circuit (IC) 1102 that is affixed in a 
conventional manner to a substrate 1104. A meander antenna 1106 which, as discussed in the 
parent case, may employ one or more loading bars, such as loading bar 1 108 and/or one or more 
tuning stubs, such as the tuning stub 1110, to tune the IC/antenna to resonance at a preferred 
operational wavelength is connected to antenna terminals on the tag IC 1102. Although the 
illustrated meanders are rectangular, the meanders may be of any of a variety of shapes, 
including sinusoidal, clipped rectangular, and triangular. As also discussed in the parent case, 
tuning stubs, such as tuning stub 1110 may be placed in any of a wide variety of locations along 
the antenna 1 106 and in any of a wide variety of orientations. The use of an antenna 1 106, such 
as a meander antenna, rather than a straight dipole antenna, permits the antenna 1 106 to be of a 
length which supports resonant operation. Consequently, the tag may be successfully read at a 
greater distance, sometimes as much as an order of magnitude greater, than a tag using a non- 
resonant antenna. If, for example, the RFID system employs a carrier frequency of 915 MHz, 
the corresponding signal wavelength would be approximately 32 cm and the half wavelength 
needed for resonant operation would be approximately 16 cm. This figure is only approximate, 
in part because the wavelength of interest is not the wavelength in free space, but the 
wavelength in the antenna material. In other words, the electrical length of the antenna, not the 
physical length of the antenna, should equal half the wavelength of the carrier frequency: 16 cm 
in this example. 
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If the longest dimension of the tag 1100, the diameter of the tag in this exemplary 
embodiment, is less than 16 cm, the meander configuration permits the inclusion of an antenna 
that has a total length equal to half a wavelength. For example, if the diameter of the tag 1 100 
is 100 mm and a meander antenna having an average of 10 mm per meander is employed, 
sixteen meanders, may be employed to provide the necessary antenna length. Similarly, a half 
wavelength of approximately 6 cm corresponds to a carrier frequency of 2.45 GHz and six 
meanders of 10 mm each would provide the length necessary for a resonant antenna at 2.45 
GHz. However, if the meanders are placed too closely to one another, the antenna's 
performance will be severely degraded. 

In order to obtain optimal performance, the minimal meander required to provide the a 
half wavelength antenna may be employed. The combination straight dipole/meander antenna 
of Figure 12 provides the necessary antenna length without any unnecessary meander. The 
meander sections may be placed relatively close to the tag IC 1 102, or may be moved further 
toward the perimeter of the tag 1200. The degree to which the antenna's length is devoted to 
straight dipole section and to meander sections may vary according to the intended application. 

A tag IC 1300 illustrated in the top plan view of Figure 13 includes a non-uniform 
meander antenna 1302. The non-uniform meander antenna 1302, as with all the antennas set 
forth in this description may employ one or more lading bars, such as loading bar 1 108, and/or 
one or more tuning stubs, such as tuning stub 1110 illustrated in Figure 11. The non-uniform 
meander antenna 1302 permit resonant operation in the relatively confined space of a small 
RFID tag 1300. The non-uniform meander may better utilize the available space on a surface of 
the tag 1300, thereby permitting the use of a smaller tag at a given carrier frequency. 

The RFID tag 1400 of Figure 14 employs a "bent dipole" antenna 1402. The bent 
dipole avoids the interference problems associated with the meander antennas of previous 
figures yet provides the necessary antenna length to meet the desired half wavelength threshold. 
Typically, a bent dipole antenna 1402 may be employed with a tag that that provides more room 
than a tag such as might employ the meander or non-uniform meander tags previously 
described. A loading bar 1404 and tuning stub 1406 are also employed in this illustrative 
embodiment to match the impedances of the tag IC 1 102 and the antenna 1402. 

A tag 1500, illustrated in the top plan view of Figure 15 employs a spiral antenna 1502, 
which may be an Archimedes spiral, for example. The spiral type antenna provides flexibility in 
matching the impedances of the antenna and tag IC, as well as providing flexibility in obtaining 
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circular polarization, when desired. As with the previous examples, the antenna 1502 provides 
sufficient antenna length in the confined space available from an RFID tag 1500. Similarly, a 
somewhat Z-shaped antenna 1602 is employed by an RFID tag 1600 of Figure 16 to provide 
sufficient antenna length in a confined space. 

Combinations of the basic antenna shapes set forth above may be employed to optimize 
performance, cost, and other design factors. As an example, the antenna 1700 is a combination 
of the non-uniform meander and spiral antennas described above and the antenna 1802 of figure 
18 is a combination of a "pinched dipole" antenna and a non-uniform meander antenna. The 
RFID tag 1900 of Figure 19 employs a pinched dipole antenna 1902 and the RFID tag 2000 of 
Figure 20 employs a bent meander antenna 2002. 

Any of the antenna configurations discussed above may be used in cooperation with a 
ground plane located on the opposite side of the substrate 1104. A plurality of antennas, may 
be combined on the same substrate to provide circular or dual linear antennas with wider 
bandwidths than a single antenna may be able to provide. Additionally, the wire antennas may 
be replace by their slot counterparts, whereby the wire is replaced by a slot in a conductive 
surface, such as a metallized surface. In such a case, the slot may be "backed up" by a ground 
plane or cavity for improved gain and bandwidth performance. 

The foregoing description of specific embodiments of the invention has been presented for 
the purposes of illustration and description. It is not intended to be exhaustive or to limit the 
invention to the precise forms disclosed, and many modifications and variations are possible in 
light of the above teachings. The embodiments were chosen and described to best explain the 
principles of the invention and its practical application, and to thereby enable others skilled in 
the art to best utilize the invention. It is intended that the scope of the invention be limited only 
by the claims appended hereto. 
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An antenna for operation over a preferred operational frequency band comprising: 
a meander antenna; and 

one or more loading bars placed a distance from the meander antenna such that the real 
part of the antenna input impedance is suppressed over the preferred operational 
frequency bandwidth. 

The antenna of claim 1 further comprising: 

one or more tuning stubs connected to the meander antenna to tune the input impedance 
of the antenna. 

The antenna of claim 2 further comprising: 

one or more loading bars placed a distance from the meander antenna such that the real 
part of the antenna input impedance is suppressed over the preferred operational 
frequency bandwidth. 

A radio frequency identification (RFID) tag operational over a preferred frequency 
bandwidth comprising: 

a meander dipole antenna with one or more antenna terminals, the antenna exhibiting a 
complex impedance having real and imaginary parts, 
a front end, and 

a tag circuit, the antenna terminals electrically connected to the front end, and the front 
end electrically connected to a tag circuit. 

The RFID tag of claim 4 further comprising: 

one or more loading bars placed a distance from the meander antenna such that the real 
part of the antenna input impedance is suppressed over the preferred operational 
frequency bandwidth. 
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6. The RFID tag of claim 4 further comprising: 

one or more tuning stubs connected to the meander antenna to tune the input impedance 
of the antenna/front end circuit. 

7. The RFID tag of claim 6 further comprising: 

one or more loading bars placed a distance from the meander antenna such that the real 
part of the antenna input impedance is suppressed over the preferred operational 
frequency bandwidth. 
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